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Abstract: Coral communities of the Florida Reef Tract (FRT) have changed dramatically over the
past 30 years. Coral cover throughout the FRT is disproportionately distributed; >70% of total
coral cover is found within the inshore patch reef zone (<2 km from shore) compared to 30% found
within the offshore bank reef zone (>5 km from shore). Coral mortality from disease has been
differentially observed between inshore and offshore reefs along the FRT. Therefore, differences
between the response of inshore and offshore coral populations to bacterial challenge may contribute
to differences in coral cover. We examined immune system activation in Porites astreoides (Lamarck,
1816), a species common in both inshore and offshore reef environments in the FRT. Colonies from a
representative inshore and offshore site were reciprocally transplanted and the expression of three
genes monitored biannually for two years (two summer and two winter periods). Variation in the
expression of eukaryotic translation initiation factor 3, subunit H (eIF3H), an indicator of cellular
stress in Porites astreoides, did not follow annual patterns of seawater temperatures (SWT) indicating
the contribution of other stressors (e.g., irradiance). Greater expression of tumor necrosis factor (TNF)
receptor associated factor 3 (TRAF3), a signaling protein of the inflammatory response, was observed
among corals transplanted to, or located within the offshore environment indicating that an increased
immune response is associated with offshore coral more so than the inshore coral (p < 0.001). Corals
collected from the offshore site also upregulated the expression of adenylyl cyclase associated protein
2 (ACAP2), increases which are associated with decreasing innate immune system inflammatory
responses, indicating a counteractive response to increased stimulation of the innate immune system.
Activation of the innate immune system is a metabolically costly survival strategy. Among the
two reefs studied, the offshore population had a smaller mean colony size and decreased colony
abundance compared to the inshore site. This correlation suggests that tradeoffs may exist between
the activation of the innate immune system and survival and growth. Consequently, immune system
activation may contribute to coral community dynamics and declines along the FRT.
Keywords: Porites astreoides; patch reefs; coral bleaching; immunity; eIF3H; TRAF3; ACAP3
1. Introduction
Marine environments across the globe have been under rapid natural and anthro-
pogenic change. One important consequence of rapid environmental change in marine
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environments has been increased occurrences of novel and previously lethal diseases [1–4].
As a result, keystone and foundational species have been extirpated including sea stars [5,6],
oysters [7], shrimp [8], and corals [9] with many of these species expanding their ecolog-
ical niches northward and southward toward the poles [10]. The loss of these species,
however, can produce ecosystem level changes with wide ranging ecological, economic,
and human health impacts. Researchers worldwide are rapidly trying to develop poli-
cies that identify and address marine epidemics, however non-lethal stress caused by
microorganisms can also significantly affect populations. Surprisingly, little is known
about the different ways non-lethal host–microbe interactions can affect and arise in marine
invertebrate populations.
Ecological immunology [11,12] is a rapidly developing branch of evolutionary biology
that seeks to identify why and how natural variation in immune response occurs across the
biotic and abiotic landscape. More specifically, this branch of evolutionary biology provides
insight into the susceptibility of organisms to parasitism or infection while incorporating
the environmental constraints to an organism’s physiological response. In circumstances
where the environmental constraints on physiology are great, the depletion of resources
following activation of the immune system may compromise an organism’s capacity
to respond to future stressors [13]. In this paper we built a case for local adaptation
of the innate immune system of inshore vs. offshore populations of the coral Porites
astreoides within the Florida Reef Tract (FRT), indicating the importance of understanding
ecological immunity, especially within organisms challenged by the synergistic impacts of
temperature and disease.
Increased frequency and severity of sea water warming events in conjunction with
the increased prevalence and severity of coral disease are hypothesized to be the most
significant contributing factors to coral community change along the FRT [14,15]. Over the
past 30 years of such events, Porites astreoides has become increasingly dominant along the
FRT as other previously dominant species (e.g., Acropora spp.) experience extirpation [14].
Porites astreoides displays several autecological traits that have been identified to
contribute to increased survivorship along the FRT. First, among shallow (<2 m depth)
nearshore reefs a green color morphology is more prevalent than the more common
brown color morphology due to increased levels of a particular mycosporine-like amino
acid (MAA), asterina-330 in the green morphotype, which confers increased resistance
to ultraviolet radiation [16]. Second, in contrast to other coral species, Porites astreoides
focuses breeding efforts during the more temperate spring season and some colonies
remain gravid throughout the year. Such a reproductive strategy provides the host with
ample opportunity to resupply energy stores after reproduction, increasing resistance to
higher SWTs during summer months [17]. Third, Porites astreoides displays an inherent
resistance to thermal stress [18]. Kenkel et al. [19] used gene expression to better understand
acclimation and adaptation strategies to thermal stress in Porites astreoides. Resistance to
thermal stress was primarily dependent upon the degree of prior exposure [20], and as
a consequence, this species displays a wide habitat niche. Additionally, we have shown
that the thermal stress response of colonies of Montastraea cavernosa, another common coral
species of this region, is also dependent upon thermal history [21,22]. Therefore, we expect
that the prior history of exposure to thermal stress affects acclimation and adaptation of
other coral species as well. These data in addition to other reports support Porites astreoides
as a generalist species with inherent resistance to stressors including elevated seawater
temperatures SWT [23–27].
Despite its capacity for acclimating to heat stress, Porites astreoides experiences greater
decreased growth rates in response to thermal stress variations [23]. That is, temperatures
that fluctuate by more than one degree centigrade (i.e., at inshore reefs) over the course
of one season vs. smaller incremental changes in temperature (i.e., offshore reefs) dictate
growth rates in Porites astreoides [28]. Hence, increased thermal stress is more likely experi-
enced by corals inhabiting inshore sites and healthier populations would be predicted at
the offshore reefs. Contrary to this expectation, the abundance of Porites astreoides colonies
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and other species of corals is considerably lower at offshore sites of the FRT than at inshore
sites of the FRT. Moreover, the mean colony diameter of this and other species at inshore
reefs (16 cm) is half that of offshore reefs (8 cm) [28], and colonies ≥ 40 cm in diameter
have only been reported among inshore reefs [14,28].
Interestingly, the establishment of linkages between thermal stress and disease in
corals have become common [29]. Frequency of diseases has been modeled across climate
change scenarios [30,31]. In addition, differences in the annual local stress regime among
coral reefs, in particular SWT, can contribute to the compromised state of corals [32].
Not only is the degree of the initial stressor important but a stress event can lead to an
extended period of sensitivity and resource depletion. Coral bleaching, a decrease in the
concentration of the symbiotic dinoflagellate, and/or symbiont pigments within the host
can decrease fecundity and coral growth for more than one year [33].
Examples of adaptation or resistance to disease are less abundant than those presented
for thermal stress, but occurrences have been reported. Colony-dependent differences in
the resistance of Siderastrea siderea (Ellis and Solander, 1786) to dark spot syndrome have
been observed in the Caribbean, and attributed to plasticity of the chemical defense [34].
Additionally, 6% of Acropora cervicornis (Lamarck, 1816) colonies, which survived extirpa-
tion from the offshore bank-reef zone of the FRT as a result of “white” diseases [35,36],
display resistance to the causative agent called white band disease. More recent work
indicates that the disease tolerance of corals may be a result of differential activation of
autophagy rather than cell death pathways in response to microbial stress [37]. Therefore,
microbial stress has been a previous selective pressure within the region along with thermal
stress. However, questions remain on how local adaptations can influence response to
microbial stress.
The effects of elevated SWT do not appear to act as the only factor responsible for
identified coral distributions in the FRT. Earlier studies that we conducted at reefs targeted
in this work indicate the rarity of large offshore colonies (>30 cm diameter), which suggests
an alternative stressor in lieu of increased SWTs [22], such as current, wave action, and/or
genotypes or local adaptation. Biotic stress on the immune system from disease causing
organisms, primarily bacteria, has severely impacted the FRT and is a likely contributing
factor to the community differences among inshore and offshore reefs. Yellow band disease
and dark spots disease are also common throughout the Caribbean and impact many
corals including Porites astreoides [38–40]. The spread of each of these diseases has been
linked to periods of increased thermal stress. Conversely, colder winter temperatures tend
to diminish disease spread and reduce coral mortality by decreasing bacterial numbers
and pathogenicity [13,41,42]. Therefore, lower winter temperatures effectively decrease
the activation of the host immune response to biotic stress. The milder SWT regime
of offshore bank reefs likely exacerbate disease related stress by failing to reduce the
abundance of potential activators of disease during the winter (e.g., microbe abundance
and pathogenicity).
Porites astreoides displays an increased capacity to resist thermal stress via gene reg-
ulation when increased thermal stress is more frequently experienced [19,20]. Inshore
populations of Porites astreoides display increased colony growth during warmer SWTs than
conspecifics inhabiting offshore reefs that experience less frequent thermal stress [23]. The
colonies inhabiting the two habitats (inshore vs. offshore) also have different collective
genotypes based on eight microsatellites [23], suggesting limited connectivity. Because gene
flow can prevent local adaptation, genetic differentiation may be a requisite characteristic
or alternatively, we speculate if difference occur because of plasticity.
Two hypotheses could explain the increased prevalence of hard corals at inshore sites
compared to offshore sites despite lower levels of temperature stress offshore: (1) Larval
recruitment rates are greater inshore resulting in an increased probability of recruit survival
to adult stages; or (2) inshore coral populations are acclimatized or locally adapted to
increased stress. Evidence to the contrary, regional differences in recruitment rate between
the upper, middle, and lower FRT have been identified [43], and within a region, differences
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in local recruitment rates between inshore and offshore sites are similar [44]. Additionally,
smaller Porites astreoides colonies (<10 cm diameter) are prevalent along the inshore to
offshore gradient independent of site, indicating efficient recruitment in both habitats.
Therefore, the development of locally adapted populations of corals is far more likely to
explain the unequal local distribution of corals along the FRT.
The objective of our study was to characterize the site-dependent expression of
genes associated with the immune system and general stress response of Porites astreoides
(Lamarck, 1816) over two seasons. Based on previous evidence, Porites astreoides pop-
ulations within the FRT has a unique history that supports the development of locally
adapted levels of immune response based on thermal history and disease occurrence. In
this study, we reciprocally transplanted Porites astreoides colonies from an inshore patch
reef and offshore bank reef and monitored the expression of three host specific genes
associated with the innate immune system biannually for two years. Eukaryotic translation
initiation factor 3, subunit H (eIF3H) provided an indication of a general stress response,
whereas tumor necrosis factor TNF receptor-associated factor 3 (TRAF3) and adenylyl
cyclase-associated protein 2 (ACAP2) provided indications of activation of the immune
system. The rational for picking these three genes is as follows. We chose to study eIF3H
as it plays an important role in cell proliferation and ribosome production. TRAF3 was
chosen as it plays a direct role in regulating both innate and adaptive immunity (in human
models). We considered whether more TRAF3 would be upregulated stimulating faster
immune responses when moved from one environment to another and then back to the
original environment. ACAP2 was chosen as it “regulates/controls” the signaling cascade
of immune responses and those made through time in host tissues. Collectively, these three
molecules play and important role in the survivorship of a host organism. In this study, we
questioned if Porites astreoides populations displayed unique or conserved responses to the
stressors associated with inshore and offshore reef zones in order to identify potentially
adaptive responses to the local environment.
2. Materials and Methods
2.1. Materials Study Organism, Collection, and Preparation
The two sites selected for this study, Birthday Reef (24.57917′ N, −81.49692′ W) and
Acer24 Reef (24.55268′ N, −81.43741′ W), are representative of an inshore patch reef and
offshore bank reef environment, respectively (Figure 1). The reefs are located adjacent to
one another along Hawk Channel within the lower region of the Florida Keys National
Marine Sanctuary (FKNMS). At both sites, reef communities are found at a similar depth
(6 m). Inshore patch reefs of this region are characterized by greater abundance and
diversity of scleractinian coral, increased variance in SWTs, and increased turbidity relative
to the offshore reefs [22].
Since the objective of our study was to determine the site-dependent seasonal expres-
sion of genes associated with the immune system and general stress response of Porites
astreoides (Lamarck, 1816) over two seasons, we chose winter (February) and summer
(September), here, labeled as first summer (1st S) and winter (1st W) vs. second summer
(2nd S) and winter (2nd W). To accomplish this goal Porites astreoides fragments from the
inshore and offshore reefs were reciprocally transplanted. Fragments (16 cm2 × 16 cm2)
of Porites astreoides colonies (n = 6) were collected (NOAA National Marine Sanctuaries
Permit # FKNMS-2011-10) from each site at a depth of 6 m by divers using Self Contained
Underwater Breathing Apparatus (SCUBA). A more detailed description of site construc-
tion methods is outlined in Haslun et al. [22] and Hauff-Salas et al. [45]. Each fragment
at the transplant sites were sub-sampled bi-annually for two years during the summer
(August–September) and winter (January–February) by divers equipped with SCUBA.
During sub-sampling, a 2 × 2 cm fragment was removed using a hack saw equipped with
a tungsten carbide blade (Milwaukee CPO: Pasadena, CA, USA) to etch and cut into the
fragment. Sampled fragments were placed into separate zip-lock bags and transported
to the dive-boat for fixation. Fragments were rinsed with sterile sea water, wrapped in
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combusted tinfoil, and flash frozen in liquid nitrogen (LN2). Processing from collection
to fixation lasted less than 5 min for any single sample. Fixed samples were shipped to
Michigan State University (East Lansing, MI, USA) and/or the Annis Water Resources
Institute (Muskegon, MI, USA) on dry ice for further processing. All fragments were
maintained at −80 ◦C at their given storage facility.




Figure 1. Insert (top right) shows the study site (black circle) located in the Florida Reef Tract (FRT) 
in Florida, USA. The lower FRT, located in the Florida Keys near Key West (USA) show the specific 
sample sites (larger figure). The inshore patch reef, Birthday Reef, is represented by a square and 
the offshore bank reef, Acer 24, reef is represented by a triangle. 
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a ceramic mortar and pestle. In order to prevent RNA degradation during grinding, sam-
ples were crushed in a shallow pool of LN2 within a chilled mortar and pestle. Mortar and 
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2.2. Sample Processing and RNA Isolation
Coral fragments were processed as previously described [46]. Briefly, excess skeletal
fragments were removed after first pulverizing fragments into smaller pieces in LN2 with
a dounce-style stainless steel homogenizer, and the remaining tissue sample ground using
a ceramic mortar and pestle. In order to prevent RNA degradatio during grinding,
samples were crushed in a shallow pool of LN2 within a chilled mortar and pestle. Mortar
and pestles were cleaned between each using DI water and then 100% ethanol. The
tissue powder was transferred to a microcentrifuge tube and stored at −80 ◦C prior to
RNA isolation.
RNA was isolated according to previously described methods [46] from 110 mg of
processed sample powder using a mixture of guanidine thiocyanate and phenol in a
monophase solution (TRI Reagent: Sigma–Aldrich, St. Louis, MO, USA). Each RNA ex-
traction was dissolved in 100 µL of RNase and DNase-free water and integrity determined
with a Caliper Lab Chip GX (Perkin Elmer: Waltham, MA, USA). RNA quality scores
(RQS) greater than 6 were deemed of sufficient quality for two-step reverse transcription
quantitative real-time polymer se chain reaction ( RT-PCR) [47]. RNA extraction yielded
~2 µg of RNA.
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2.3. Reverse Transcription
Isolated RNA was prepared for qRT-PCR by first treating 300 ng of isolated RNA
with 1 unit of DNase 1 (Life Technologies: Waltham, MA, USA) in accordance with the
manufacturer’s recommendations. From the treated sample, 260 ng was reverse transcribed
with the Superscript III first strand synthesis supermix (Life Technologies: Waltham, MA,
USA). Reverse transcription reactions were carried out in a 96-well plate on an Eppendorf
Mastercycler. The first-strand synthesis thermal profile was as follows: 10 min at 25 ◦C,
30 min at 50 ◦C, 5 min at 85 ◦C. After denaturation of the enzyme at 85 ◦C, 1 µL of
RNaseH was added to each well and incubated at 37 ◦C for 5 min to degrade the remaining
template RNA.
Reaction components were removed from the cDNA product by the following previ-
ously described methods [46]. The resultant cDNA was stored at −20 ◦C for less than one
week prior to qRT-PCR.
2.4. qRT-PCR Primer Validation and Genes of Interest (GOI)
Sequences of transcripts of interest were obtained from the Porites astreoides SymBioSys
database (http://sequoia.ucmerced.edu/SymBioSys/ (accessed on 29 July 2021)). Primers
were created with Primer3 [48] software applying the selection criteria outlined in Table 1.
The top scoring primer pair was selected for qRT-PCR validation. Primer validation
was performed by creating a standard curve relating the threshold cycle (Cq) to the log
concentration of cDNA along a 2-fold serial dilution; 5 ng µL−1, 2.5 ng µL−1, 1.25 ng µL−1,
0.625 ng µL−1, and 0.3715 ng µL−1 of cDNA. Primer pairs amplifying a single product
according to dissociation curves displaying a highly linear relationship (R2 > 0.99) and
adequate amplification efficiency (3.0 < E < 3.6) were considered valid for analysis (Table 2
shows genes of interest (GOI)).
Real-time PCR reactions were 10 µL in volume. Each reaction included 1 µL of tem-
plate cDNA, 5 µL of Power SYBR green master mix (Life Technologies: Waltham, MA, USA),
1.5 µL of a primer pair (final concentration 250 nM), and 2.5 µL DNase and RNase-free
water. Amplification and detection of transcripts were analyzed on an Applied Biosys-
tems 7900HT real-time PCR system in 384-well plate format following the manufacturer’s
recommendations. To prevent potential run-to-run variation and the need for inter-run
calibrator samples, all samples were run in duplicate on a single 384-well plate for each
gene of interest [49].
Table 1. Selection criteria for primers used to amplify transcripts for quantitative real-time poly-
merase chain reaction.
Primer Selection Parameter Criteria
Product size 50–150
Number of results returned 5
Max repeat mispriming 12
Max template mispriming 12
Max 3′ stability 9
Pair max repeat mispriming 24
Pair max template mispriming 24
Primer size 18 < 20 > 22
Primer Tm 57 < 59 > 61
Max Tm difference 1
Primer GC% 20 < 50 > 80
Max self-complementarity 2
Max # N’s 0
First base index 1
Max 3′ self-complementarity 3
Max poly-X 4
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Table 2. The amplification efficiency, primer sequences of each gene of interest (GOI), and control genes are presented in
the table.
Genes of Interest (GOI) Abbreviation Primer Sequence (5′−3′) Efficiency
Adenylate cyclase associated protein 2 ACAP2 F: TCGTCTGGAGTCTGCTGCTR: TCTGCCACTTTGCCGTTTA 2.04
Eukaryotic initiation factor 3, subunit H EIF3H F: TTGATTGATACCAGCCCACAR: ACAAACTGCTTTGCTTTCCC 1.97






Cathepsin L CATL F: GGAAGGATTACTGGCTGGTCR: GGATAGATGGCGTTTGTGG 2
2.5. Genes of Interest (GOI)
The protein tumor necrosis factor (TNF) receptor associated factor 3 (TRAF3) regulates
the activation of immune responses along two pathways: (1) the myeloid differentiation
primary response gene 88 (MyD88)-dependent pathway and (2) the toll interleukin receptor-
domain-containing adapter-inducing interferon-β (TRIF)-dependent pathway [50–52]. Eu-
karyotic translation initiation factor 3, subunit H (eIF3H) regulate the translation of cy-
toplasmic mRNAs and degradation of proteins. Eukaryotic translation initiation factor
3, subunit H (eIF3H) is a component of the translation initiation complex formed by eIFs
and contributes to the synthesis rather than degradation of proteins [53–56]. Adenylate
cyclase associated protein 2 (ACAP2) interact with Ras, an intracellular membrane-bound
protein, to regulate cyclic adenosine monophosphate (cAMP) production by adenylyl
cyclase (AC) [57]. Ras is activated by transmembrane G-proteins that interact with external
effector molecules to produce cAMP [58–60].
2.6. qRT-PCR Analysis
A Bayesian model-based approach [61] was applied to analyze qRT-PCR Cq data.
Raw Cq values were transformed to molecular counts creating values with a linear rather
than exponential relationship. A Markovian chain Monte Carlo generalized linear mixed
model (MCMCglmm) with Poisson log-normal distribution was then applied. Applying an
MCMC-based approach had several advantages over the traditional delta Cq methodology
for this study [62]. First, it is rare that control genes behave perfectly stable in a natural
setting. The MCMC-based approach allows for modeling of the variance associated with
control genes and builds this error into the predictions. Secondly, this approach allows for
the addition of random error terms that allow and correct for unequal template loading,
resulting in normalization of the data. Thirdly, the hierarchical model produced allows
for simultaneous determination of the treatment effects across all genes of interest (GOI)
relative to control genes improving upon the gene-by-gene analysis applied with the delta
Cq method [61].
We separated the analysis into two models a priori to identify transplantation site-
dependent effects (Equation (1)) and collection site-dependent effects (Equation (2)). Molec-
ular counts were the single response variable. The variable “gene” represented the different
levels of expression associated with selected genes, “TransplantationSite” represented
coral fragments grouped by where they were relocated to, “CollectionSite” represented
coral fragments grouped by where they were collected from, “SeasonYear” represented
the season by year combination (i.e., 1st S, 1st W). Conditions in brackets indicate random
error terms and include the sample specific error, the gene specific sample error, and the
gene specific error in the order presented in each model.
• Equation (1):
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count = gene + gene:TransplantationSite + gene:SeasonYear + gene:Tranp-
lantationSite:SeasonYear + [sample] + [gene:sample] + [gene:residual]
(1)
• Equation (2):
count = gene + gene:CollectionSite + gene:SeasonYear + gene:CollectionSite:
SeasonYear + [sample] + [gene:sample] + [gene:residual]
(2)
Model parameters included 15,000 iterations, a thinning interval of 10, and sample
size of 1000. A less-informative inverse Wishart prior with assumed variance of 1 and
the degree of belief parameter at 0 was used for calculating variance components of all
non-control genes. Control genes were allowed to vary on average 1.2-fold across the
explanatory variables. Credible intervals (95% posterior probabilities) for fixed factors
were calculated based on MCMC sampling.
3. Results
3.1. Site Temperature Regime
Temperature was monitored hourly at each site throughout the two-year transplant
period (Table 3). Although the two sites displayed similar trends in SWT change as a
function of season reflecting their close proximity (Figure 2A), their thermal ranges were
significantly different.
Table 3. Seawater temperatures reported at the date of collection at the offshore site (Acer24 Reef) and the inshore site
(Birthday Reef) are displayed in the table. The slope of temperature change during the week preceding sampling and
p-value associated with the linear regression are also displayed. Note: first summer (1st S) and winter (1st W) vs. second
summer (2nd S) and winter (2nd W) are shown. Asterisk indicate level of significance: * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001;
Significant values are in bold.
Field Site Date(Year-Month) SWT at Collection (
◦C) One-Week SWT Slope Regressionp-Value
Acer24 Reef 1st W 24.5 0.06592 0.0377 *
1st S 30.6 −0.08914 0.418
2nd W 22.9 −0.49137 0.000467 ***
2nd S 30.0 −0.01571 0.513
Birthday Reef 1st W 25.2 0.19554 0.0024 **
1st S 31.5 0.04378 0.244
2nd W 22.0 −0.59509 0.00115 **
2nd S 30.3 −0.05640 0.0765
Seawater temperatures at Acer 24 remained lower during the summer and greater
during the winter compared to those observed at Birthday Reef. During winter lows and
summer highs, SWT differed by 0.5 to 1 ◦C between the sites. Additionally, the frequency of
mean daily temperatures above 30 ◦C was greater at Birthday than Acer 24 Reef. The eight
days sampling preceding the 1st W related to the period needed for activation/expression
of these genes; seawater temperature increased significantly at Birthday Reef by 3 ◦C and
at Acer 24 by 1 ◦C (p = 0.0024, p = 0.037 respectively; Table 3). Conversely, during the
following winter 2nd W (winter), a significant decrease in temperature was observed at
both sites during the eight days preceding sampling; 3 ◦C at Birthday Reef and 2 ◦C at
Acer 24 (p = 0.001 and p = 0.000, respectively; Table 3). The magnitude of the temperature
increase during the 1st W was greater than that which occurred during the 2nd W analysis.
There were no significant changes in temperature during the summer months over the
week preceding sampling.
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3.2. Eff cts of Site and Season on Pool d G nes of Interest (GOI) Transcript Abundance
Markovian chain Monte Carlo generalized linear mixed model (MCMCglmm) anal-
yses were performed to determine the effects of transplant (Table 4) and collection site
(Table 5) on transcript abundance across all GOI. Both models converged to a stationary
distribution with 15,000 iterations after given an initial 5000 iterations to dissipate extreme
variation. Sampling every 10 iterations provided a total of 1000 sampling points from
hich to build credible intervals. Fragments originating from Acer 24 exhibited greater
transcript abundance acr ss all GOI than thos origin ting from Birthday Reef (p = 0.010).
This indicated a p tential population level effect on gene expression. The site a fragment
was transplanted to/from did not affect transcript abundance when GOI were collectively
analyzed. Additional support for a collection site effect was provided by principal coordi-
nate analysis (PCoA) of the Manhattan distances of transcript abundances among the GOI
(Figure 2B). Samples formed clusters dependent on collection site rather than transplant
site. The greatest dissimilarity between treatments was between fragments collected from
Acer 24 and transplanted to Birthday Reef and those collected from Birthday Reef and
transplanted back to Birthday Reef. A significant linear relationship was observed between
the slope of SWT change associated with the eight days preceding sampling and the second
PCoA axis (p = 0.005), while the temperature at the time of sampling was not correlated
to either axis (Table 2). This observation indicates that SWT change contributed to the
difference in expression between transplant treatments.
Water 2021, 13, 2107 10 of 20
Table 4. Two-way factorial mixed effects model for transplant site-dependent and seasonal effects on transcript abundance
of Porites astreoides following reciprocal transplantation between an inshore patch reef (Birthday Reef) and offshore bank
reef (Acer 24). The results for the three genes of interest (GOI) adenylate cyclase associated protein 2 (ACAP2), eukaryotic
initiation factor 3 subunit H (eIF3H), and TNF receptor associated factor 3 (TRAF3) are presented. Comparisons have been
made to transcript abundances of samples transplanted to Acer24 Reef and sampled during the 2ndW. Note: First summer
(1st S) and winter (1st W) vs. second summer (2nd S) and winter (2nd W) are shown. Asterisks indicate level of significance:
* ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001; significant values are in bold.
GOI Comparison Posterior Mean Lower 95% CI Upper 95% CI pMCMC
ACAP2 Birthday −0.435 −0.937 0.029 0.086
1st W −0.03757 −0.49681 0.44522 0.926
1st S 0.019 −0.372 0.5 0.938
2nd S −0.14493 −0.61418 0.36624 0.576
Birthday: 1st W 0.49994 −0.21072 1.17273 0.132
Birthday: 1st S 0.40865 −0.24205 1.04486 0.21
Birthday: 2nd S −0.30511 −0.86000 0.25533 0.312
eIF3H Birthday −0.208 −0.637 −0.173 0.342
1st W −0.08121 −0.50590 0.24429 0.7
1st S 0.34064 −0.02892 0.7423 0.076
2nd S −0.14893 −0.59086 0.29031 0.508
Birthday: 1st W 0.06488 −0.42012 0.68499 0.828
Birthday: 1st S −0.30511 −0.86000 0.25533 0.312
Birthday: 2nd S 1.00556 0.43073 1.65886 <0.001 ***
TRAF3 Birthday 0.76547 0.15549 1.40063 0.010 *
1st W 1.3774 0.73687 2.0328 <0.001 ***
1st S 1.80851 1.19198 2.48163 <0.001 ***
2nd S 1.20155 0.50582 1.96071 <0.001 ***
Birthday: 1st W −0.60505 −1.45238 0.40027 0.182
Birthday: 1st S −1.21753 −2.07043 −0.28946 0.008 **
Birthday: 2nd S −1.81851 −2.85665 −0.86877 <0.001 ***
Table 5. Two-way factorial mixed effects model for collection site-dependent and seasonal effects on transcript abundance
of Porites astreoides following reciprocal transplantation between an inshore patch reef (Birthday Reef) and offshore bank
reef (Acer 24). The results for the three genes of interest (GOI) adenylate cyclase associated protein 2 (ACAP2), eukaryotic
initiation factor 3 subunit H (eIF3H), and TNF receptor associated factor 3 (TRAF3) are presented. Comparisons have been
made to transcript abundances of samples transplanted to Acer24 Reef and sampled during the 2nd W seasons. Note: First
summer (1st S) and winter (1st W) vs. second summer (2nd S) and winter (2nd W) are shown. Asterisks indicate level of
significance: * ≤ 0.05, *** ≤ 0.001; significant values are in bold.
GOI Comparison Posterior Mean Lower 95% CI Upper 95% CI pMCMC
ACAP2 Birthday −1.147154 −1.670249 −0.666332 <0.001 ***
1st W −0.013090 −0.446707 0.396193 0.958
1st S 0.277053 −0.157765 0.713639 0.200
2nd S 0.119924 −0.364999 0.552681 0.618
Birthday: 1st W 0.394370 −0.243777 1.033281 0.234
Birthday: 1st S −0.193949 −0.824670 0.472759 0.582
Birthday: 2nd S 0.351856 −0.372941 1.128164 0.374
eIF3H Birthday −0.586846 −1.032692 −0.112198 0.018 *
1st W −0.266735 −0.671877 0.103723 0.184
1st S −0.002953 −0.389189 0.347585 1.000
2nd S 0.082943 −0.337972 0.471331 0.678
Birthday: 1st W 0.488955 −0.150934 1.031597 0.108
Birthday: 1st S 0.460195 −0.172337 0.984013 0.124
Birthday: 2nd S 0.839239 0.196500 1.522053 0.022 *
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Table 5. Cont.
GOI Comparison Posterior Mean Lower 95% CI Upper 95% CI pMCMC
TRAF3 Birthday 0.362722 −0.420370 1.282007 0.394
1st W 1.473018 0.761331 2.084224 <0.001 ***
1st S 1.666734 0.975813 2.272533 <0.001 ***
2nd S 0.614901 −0.094805 1.261963 0.086
Birthday: 1st W −0.852657 −1.759411 0.160360 0.086
Birthday: 1st S −0.985686 −1.978128 −0.025191 0.054
Birthday: 2nd S −0.930772 −1.904549 0.089161 0.072
Transcript abundance differed between 2nd S and 2nd W for both the collection site
(p = 0.012) and transplantation site (p = 0.008) models. Transcript abundances were lower
during 2nd S than the 2nd W.
3.3. Specific Responses of the Genes of Interest (GOI)
3.3.1. TRAF3
Porites astreoides fragments transplanted to Acer24 Reef displayed significantly greater
transcript abundance than fragments transplanted to Birthday Reef (p = 0.01; Figure 3A).
This difference was driven by increased transcript abundances during the 1st S and 2nd S at
Acer24 Reef compared to Birthday Reef (p < 0.001 for both comparisons). During the 1st W
TRAF3 gene expression was similar between the two reefs and reached comparable levels
to those observed during each summer. During the Acer24 sampling periods, transcript
abundances observed during each winter were less than those quantified the following
summer, indicating a potential effect of season on TRAF3 expression at Acer24. This pattern
was not observed at Birthday Reef. Instead, a significant difference in transcript abundance
was only evident between the 1st W and the following 2nd S (p < 0.001; Figure 3A).
Although the collection site did not impact the expression of TRAF3, differences
between sampling periods were observed. The transcript abundance observed during the
2nd W season of sampling was significantly lower than the expression observed during
both the 1st W and 1st S sampling (p < 0.001 for each comparison). During a given sampling
period collection site did not affect TRAF3 expression, unlike that observed for the site a
coral was transplanted to.
3.3.2. eIF3H
The expression of eIF3H was significantly greater among corals collected from Acer24
compared to Birthday Reef site (p = 0.018; Table 5). This result was apparent despite the
similarity in expression of eIF3H observed for all but one of the sampling periods, 2nd W
(p < 0.022; Figure 3B).
The site a coral fragment was transplanted to significantly affected the expression
of eIF3H during summer months but not winter months (Figure 3B). During the 1st S
sampling, expression was greater for corals transplanted to Acer24 compared to Birthday
Reef (p < 0.001) but this significant trend was reversed the following summer (p < 0.001).
3.3.3. ACAP2
Transcript abundances of ACAP2 were significantly affected by collection site (p = 0.0001;
Table 5). Corals collected from Acer24 displayed greater ACAP2 expression for each sam-
pling period compared to corals collected from Birthday Reef (Figure 3C). This collection
site-dependent effect on transcript abundance was not influenced by sampling period.
Additionally, the site that a coral fragment was transplanted to did not affect ACAP2
transcript abundance.
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Figure 3. The log2 scaled abundances of (A) TRAF3, (B) eIF3H, and (C) ACAP2 transcripts from
corals reciprocally transplanted between an inshore site (Birthday Reef) and an offshore site (Acer24).
Samples were collected for analysis during the winter (February) and summer (September) seasons.
Points represent the posterior means following MCMC generalized linear mixed modeling. Error
bars indicate 95% credible intervals defined by the model. Note: First summer (1st S) and winter (1st
W) vs. second summer (2nd S) and winter (2nd W) are shown.
3.3.4. Summary of Factors Affecting Host Gene Expression in Porites astreoides
Distinct patterns of transcript abundance were identified for each of the three GOI.
The expression of TRAF3 differed between winter and summer but only for samples
transplanted to Acer24. Significant transplant site-dependent effects were apparent in the
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expression of eIF3H during summer while a collection-site dependent effect was observed
for ACAP2 across all sampling periods. We also observed that the direction and magnitude
of the slope associated with the previous week of temperature change was a significant
factor affecting gene expression while the previous days SWT during a given sampling
event was not.
4. Discussion
4.1. Activation of Host Coral Immune Pathways: TRAF3 Expression
Along the FRT corals inhabiting offshore bank reefs display decreased growth and
abundance (e.g., fitness) compared to corals inhabiting inshore patch reefs [22]. Although
elevated SWTs are generally associated with decreased coral abundance (albeit other
factors may also contribute such as strength of the currents), we speculate that higher SWTs
and increased temperature variation are characteristic of inshore patch reefs to a greater
extent than offshore. One possible explanation of this trend is that temperature indirectly
affects the activation of the coral immune system by influencing the level of biotic stress
(e.g., increased bacteria/viral levels) experienced by the coral (other possible explanations
include changes in salinity, ocean acidification, UV radiation, turbidity, and even tourism).
In this study, we suggest that the expression of genes associated with the activation of the
innate immune system were environment-dependent, an adaptive response to environment-
dependent biotic stressors. The role of each gene examined is discussed in turn to describe
how SWT indirectly influences biotic stress level contributing to the observed differences
in growth and abundance between the inshore and offshore sites.
The protein TRAF3 regulates the activation of the innate immune response along the
MyD88 dependent and TRIF dependent pathways [50,51]. Both pathways are activated
by the attachment of pathogen associated molecular patterns (PAMPs) to cell surface toll-
like receptors [52,53]. Once activated, TRAF3 itself activates the production of effector
molecules of the immune system that initiate inflammatory responses and interferon
regulatory transcription factors that promote antiviral activity (i.e., type 1 interferon) [51].
Therefore, expression of TRAF3 provides an indication of the cumulative activation of the
MyD88 and TRIF pathways, which in turn reflects the host’s recognition of and response to
bacterial and viral molecular patterns in the surrounding environment.
Our results indicate that it is not the site of origin that controls TRAF3 expression but
rather the environmental conditions a coral host is currently exposed to. For this particular
gene, we speculate that population dependent difference would be unlikely because toll-
like receptors are conserved across animal phyla and activation occurs following the
recognition of general rather than specific PAMPs (i.e., all bacterial lipopolysaccharides
vs. species specific variants). The general and conserved nature of this pathway likely
constrains selection on TLRs. The effect of local environment on TRAF3 expression was
observed insofar as Porites astreoides transplanted to the offshore site displayed greater
TRAF3 expression than those transplanted inshore. This difference in TRAF3 expression
was driven by significantly greater expression at offshore sites compared to inshore sites
during the summers (p < 0.001). Increased SWT is often directly linked to responsive
physiological changes in corals. Contrary to this generalization, increased temperatures
during the summers did not co-occur with increased TRAF3 activation. Instead, mean daily
temperatures at the inshore site were on average <1 ◦C those of the offshore site. In addition,
greater variation between transplants was identified along the first principal coordinate and
a relationship with SWT was not observed (Figure 3A). Therefore, environmental factors
other than SWT must contribute to variation in TRAF3 expression along this primary
axis. During the winters, however, increased TRAF3 expression was observed following a
period of increasing SWT, whereas the lowest TRAF3 expression was observed following a
period of decreasing SWT. Thus, cooling SWT during the winters, which reflect the inshore
site SWT, was associated with less TRAF3 expression, whereas warming SWTs during the
winter enhanced TRAF3 expression, a characteristic of the offshore site.
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The direct link between TRAF3 expression and the recognition of microbial derived
molecular patterns through TLRs indicates that biotic stress may be an additional contribut-
ing factor in this environment-dependent effect. However, during winter periods, high
SWT undoubtedly contributes to the level of biotic stress experienced [63,64]. Bacterial
abundance decreases during the winter, but shorter and warmer winter seasons increase
the proliferation as well as pathogenicity of microorganisms [21]. Because warmer SWTs
increase the metabolic and growth rates of microorganisms [65,66], correspondingly many
diseases affecting marine macroorganisms increase in prevalence including those affecting
corals [67–69]. Not surprisingly, seasonal variation in temperature (i.e., winter vs. summer)
has been identified as one of the most prominent factors controlling the rate of microbial
growth [70,71], with the greatest abundance of microbes observed in summer and lowest
in winter [72]. Therefore, during warmer periods (summer), an increased abundance of
foreign substances capable of binding TLRs is expected because of increase proliferation
and pathogenicity of microorganisms. Conversely, cooler periods are expected to result
in decreased biotic stress and subsequent TRAF3 expression. We identified both of these
trends in TRAF3 expression: decreasing winter temperatures limited TRAF3 expression
vs. warm periods consistent with the greatest levels of TRAF3 expression. Moreover, on
an annual basis, temperature variation is greater at the offshore compared to the inshore
site. However, according to the hypothesis laid out by Harvell et al. [15] and evidence
supplied by others [65,68,69], the offshore sites warmer winter SWT’s alone fails to explain
the accumulation of TLR compatible molecular patterns and the resulting activation of the
immune system in the offshore relative to the inshore. Additionally, exposure of these same
coral fragments from this study to increased temperature (32 ◦C) and lipopolysaccharide (5
µg mL−1) indicated that corals collected from offshore sites activated the innate immune
system to a greater degree than the inshore sites [28]. Corals transplanted to the offshore
site likely encountered more immune activating compounds and displayed significant
upregulation of TRAF3 relative to the control treatment (28 ◦C), whereas response in off-
shore corals was similar to the control and significantly lower than that of the inshore site.
Accordingly, corals that had experienced increased immune system activation inherent to
the offshore site upregulated TRAF3, whilst those from the inshore site did not activate
this response as greatly. Upregulation likely reflects increased exposure from the local
environment. In this case, upregulation was experienced to a much greater degree in the
offshore site.
The differential TRAF3 expression we observed in corals transplanted to inshore
and offshore sites indicates local differences in the degree of immune system activation.
Moreover, our results indicate that the degree of immune activation is linked to the SWT
regime of a site. Lower winter SWT decreased immune system activation while the milder
temperature regime of the offshore site increased activation. These temperature changes are
undoubtedly linked to the abundance of PAMPs capable of activating the immune response.
As such, we suggest that more work needs to be done identifying immune system proteins
and pathways used by corals experiencing thermal and/or disease stressors and in various
environments such as inshore and offshore reef habitats.
4.2. Cellular Stress Response: eIF3H Expression
Eukaryotic translation initiation factor 3, subunit H (eIF3H) is a component of the
translation initiation complex formed by eIFs and therefore contributes to the synthesis
rather than degradation of proteins [53]. This gene is upregulated in Porites astreoides during
periods of stress [61]. During periods of stress, energetically consumptive processes in cells
are moderated; however, upregulation of eIFs results in increased protein production that
can counteract intracellular production of reactive compounds associated with metabolic
dysfunction [55]. Increased activation of eIF3 genes has also been shown to decrease
cellular stress levels from abiotic stress in transgenic yeast [56]. Upregulation of eIF3H is
therefore an indication of stress and as such, is another important stress-related response
protein in coral shown to respond to varying SWT (see [19,20,73,74]).
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Although we observed differential expression of eIF3H among corals transplanted
to inshore and offshore sites during the summers, a consistent site-dependent effect on
expression between summers was not observed. In fact, during 2012, eIF3H expression was
greatest in corals transplanted to the inshore site, whilst during the following year corals
transplanted to the offshore site displayed the greatest expression. Hence, our experimental
design did not reveal any temperature-related stresses in either year. Based upon the similar
SWTs and SWT variation at both sites prior to sampling, we anticipated corals from both
sites to display similar expressions or that corals transplanted to the inshore site would
be less impacted due to the larger variation in annual temperatures that these corals are
accustomed to. Instead, corals from the inshore site displayed greater expression of eIF3H
compared to the offshore site contradicting our expectations. Several factors may have
contributed to the unexpected expression patterns of eIF3H. First, the temperature stress
experienced during and prior to sampling may not have been sufficient to elicit a response
driven by temperature. Second, eIF3H is likely to be activated by stressors in addition
to temperature. Although cellular stress produced from elevated temperatures can be
alleviated by increasing protein production, other potential reef stressors such as increased
irradiance can produce intracellular stress conditions and alter eIF3H expression. Therefore,
insightful applications of this gene may be more appropriate in laboratory settings, rather
than in the field where environmental conditions cannot be controlled.
4.3. Adaptive Response to Immune System Activation: ACAP2 Expression
Through interactions with activated Ras proteins, adenylate cyclase-associated pro-
teins (ACAPs) regulate the synthesis of cyclic adenosine monophosphate (cAMP) by adeny-
late cyclase (AC) [57]. Cyclic AMP is a second messenger effector molecule that induces
the activation of proteins responsible for regulating many cell processes including growth,
nutrient metabolism, temperature responses, and inflammatory responses [75,76]. When
cAMP production is activated by Ras, stimulated via environmental cues, this molecule
reduces the inflammatory response [60,75]; hence, ACAP2 reduces over-activation of the
innate immune system.
Porites astreoides colonies collected from the offshore site expressed significantly greater
levels of ACAP2 in all sampling periods relative to those collected from the inshore site
(Figure 3C). This result was observed independent of transplant location, indicating that
corals inhabiting the offshore site may be locally adapted to this environment. Local
adaptation requires limited gene flow between populations along with intense selection
on variation of a phenotype [76]. The broad dispersive reproduction strategy used by
corals in addition to the long-lived nature of reef building corals has long been thought
of as a barrier to local adaptation in the host animal. Wide dispersal facilitates consistent
of low-level gene flow between metapopulations serves to increase diversity [77,78]. Al-
though phenotypic diversity is necessary to produce local adaptation, diversity can also
decrease the effect of selection pressure on a particular phenotype [79]. For instance, in our
study, significant collection site-dependent differences in ACAP2 expression suggest local
adaptation. Supporting our assumptions, Kenkel et al. [20,23] observed very little gene flow
between inshore and offshore populations of Porites astreoides inhabiting the FRT. Similarly,
Hauff-Salas et al. [46] observed collection site-specific responses in the zooxanthellae.
Local adaptations confer fitness advantages to an organism that is confronted with a
hostile environment. We have previously established, based on increased expression of
TRAF3 due to TRL recognition by foreign substances, that the offshore environment results
in increased activation of the coral host’s immune response relative to the inshore. Our
results indicate that the offshore environment exposes corals to increased biotic stresses.
Acute and chronic inflammatory responses act to the detriment of the host by decreasing
fitness. For example, inoculation of the mealworm beetle, Tenebrio molitor (Linnaeus, 1758),
with non-lethal levels of bacteria has been shown to decrease longevity [80]. Moreover,
individuals of Tenebrio molitor that produce elevated levels of melanin, a critical molecule in
the invertebrate innate immune response, have decreased longevity even without external
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stimulation [81]. Thus, reducing overactive or continuously activated immune responses
may confer an advantage to the host. TRAF3 expression (i.e., an inflammatory response)
was greatest among coral fragments transplanted offshore, which provides compelling
evidence for an environmental adaptive response and immune system stimulation.
Organisms must allocate resources to all cellular processes from a finite supply; thus,
immune responses come with a resource cost [82]. It is common to observe tradeoffs (i.e.,
principle of allocation), in which the expression of an adaptive trait increases while the
expression of another trait or traits decreases. Tradeoffs resulting from adaptive responses
to the innate immune system are more commonly detected in higher level traits such as
survival, growth, longevity, and fecundity [4,82] because of the difficulties inherent to
observing the interactions between lower level traits. Coral species inhabiting the offshore
reefs of the FRT, including Porites astreoides, display both a decreased mean colony size
as well as decreased abundance relative to the populations inhabiting inshore reefs [22].
Porites astreoides colonies originating from the offshore sites in our study averaged 7.34 cm
in diameter while those inhabiting the inshore site were 11.44 cm in diameter [22]. A
decrease in the rate of skeletal linear extension is likely to be a high-level fitness tradeoff
associated with diverting resources to both an active immune response and counteraction of
that immune response. Similarly, Porites astreoides colonies inhabiting an adjacent offshore
site have been shown to display decreased growth following exposure to stress relative to
corals collected from an inshore reef [23].
Our results indicate that the activation of the immune response has affected population
dynamics of Porites astreoides in two ways. First, in offshore coral, biotic activators of the
immune system are likely to have decreased survival in Porites astreoides at some stage
of ontogeny. It is likely that selection occurred at early stages as we observed growth of
transplanted colonies throughout experiments (pers. obs.). Further, if unfit corals had
reached maturation there would have been a decrease in selection pressure and a potential
for diversity to increase. Selection pressure early in ontogeny may therefore contribute
to decreased offshore coral abundance [28]. Second, the response of the host to activate
the immune system at offshore sites likely resulted in an opposing adaptive response and
decreased host growth rates. Although there is no doubt that climate related changes
in abiotic factors (e.g., SWT) act to the detriment of corals and may also contribute to
local adaptation, the interaction of abiotic and biotic stressors is important and should be
considered in future studies. A detailed understanding of the contribution of the coral
host’s immune response, be it innate or other, may be especially important along reefs
that have been drastically impacted and continue to be impacted by disease, such as the
FRT [83–85].
5. Conclusions
Our study shows that activation of the immune system in Porites astreoides differs
between an adjacent inshore and offshore reef. Colonies that were transplanted offshore
expressed TRAF3 more than colonies that were transplanted inshore. Activation of TRAF3
occurs following recognition of foreign substances by TLRs, and therefore increased ex-
pression is likely a result of increased stress brought-on from biotic sources (i.e., bacte-
ria/viruses) and/or stressed zooxanthellae. For instance, Hauff–Salas et al. [46] showed
that offshore zooxanthellae were more stressed in offshore habitats responding to higher
irradiance levels than those inshore. As a consequence, host coral likely recognize such
stress and possibly considers the symbiont “foreign”. Porites astreoides originating from the
offshore environment also displayed increased expression of ACAP2 independent of any
transplantation, an indication of local adaptation to stress. Because increased expression
of the immune system results in fitness tradeoffs, this particular adaptation may be an
effort by host corals to enhance survival by depressing activation of the immune response
brought-on by the offshore environment. Porites astreoides inhabiting the offshore reef
not only activated their immune pathways but also regulated this response by express-
ing ACAP2. While this likely enhances survival, it limits resource availability for other
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traits such as growth. Offshore bank reefs throughout the FRT currently exhibit decreased
mean colony size and decreased abundance relative to the inshore and our study provides
evidence of a link between increased immune responses and fitness.
In our study, increased immune system activation was associated with decreased SWT
variation. Offshore sites displayed a milder temperature regime compared to inshore sites.
Because lowest TRAF3 expression was observed during a period of decreasing winter
SWTs, lower winter temperatures may decrease the activation of the immune system by
limiting sources of biotic stress. As climate warming continues, winter low temperatures
will likely increase placing biotic stress on inshore reefs and further exacerbate warming at
offshore reefs [86]. The resulting increase in immune system activation may place resource
constraints on a coral’s ability to resist abiotic stressors and result in more severe bleaching
events than currently occurs. It should be noted, however, that immune responses are
generally associated with a host of multiple genes and sets of systems each controlling
and contributing to different individual responses. In this study, we focused on 3 genes,
however, these do not represent a complete picture of the immune response of an individual
coral. This is clear in our results where some of the genes were activated and others were
not. As such, future studies should focus on as many genes as possible per individual
response, or key genes known to trigger a particular immune response.
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